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ABSTRACT

We derive the mass accretion rate M onto quasar black holes (BHs), and its redshift evolution between
0 £ z £ 4, using the observed optical and X-ray quasar luminosity functions (LFs). We make the
following assumptions: (i) the mass—function of dark matter halos follows the Press—Schechter theory,
(ii) the BH mass scales linearly with the halo mass, (iii) quasars have a constant universal lifetime, and
(iv) the optical luminosity is modeled as a thin disk, and the X—ray/optical flux ratio is calibrated from a
sample of observed quasars. We show that the accretion rate in Eddington units, rh = M/ Mgqq, inferred
from either the optical or X—ray data under these assumptions generically decreases as a function of time
from z ~ 4 to z ~ 0. For a typical quasar lifetime of ~ 107 yr, the value of 72 inferred is independent of
halo mass and, near z ~ 0, drops to substantially sub-Eddington values at which advection-dominated
accretion flows (ADAFSs) exist. This decline of rh, possibly followed by a transition to low radiative
efficiency ADAFs near z ~ 0, could be the origin of the absence of bright quasars in the local universe
and the faintness of accreting BHs at the centers of nearby galaxies. We argue that a decline of the
accretion rate of the quasar population is indeed expected in cosmological structure formation models.

Subject headings:

1. INTRODUCTION

The population of quasars as a whole exhibits a char-
acteristic cosmological evolution: the number density of
quasars rises monotonically by two orders of magnitude
from redshift z ~ 0.1 to an apparent peak at zpx ~ 2.5.
The evolution at redshifts exceeding zpy is still unclear:
the number density of optically bright quasars declines
from zpx ~ 2.5 to z ~ 4.5 (Pei 1995), but recent ROSAT
data has not shown any evidence for a similar decline in
X-rays (Miyaji et al. 1998). The massive accreting black
hole model (see Rees 1984) produces the bolometric lumi-
nosity of an individual quasar, and provides a framework
that has successfully accounted for some properties of the
observed quasar spectra (Frank et al. 1992; Laor & Net-
zer 1989). However, the reason behind the evolution of
the quasar luminosity function must involve some addi-
tional physics, likely related to the cosmological growth of
structures.

Several ideas have been put forward to explain the cos-
mic evolution of quasars, including activation by mergers
(Carlberg 1990); intermittent accretion (Small & Bland-
ford 1992); association with dark halos using a nonlinear
(Haehnelt & Rees 1993) or linear (Haiman & Loeb 1998)
scaling of the BH mass My, with halo mass My,)0; a rela-
tion to the individual quasar light curves (Siemiginowska
& Elvis 1997) or spectral shapes (Caditz et al. 1991); and
a transition to ADAFs (Yi 1996). However, these ideas are
still poorly constrained by present data, and a conclusive
understanding has not yet been achieved.

cosmology: theory — quasars: general — black hole physics — accretion, accretion disks

The main ingredients in modeling the quasar LF is the
BH formation rate and the light—curve of each BH in the
relevant wavelength band. The usual approach taken is
to specify these ingredients with several parameters, and
fit the LF by a “trial and error” procedure. We empha-
size here that the least understood ingredient in these at-
tempts is the mass accretion rate onto the quasar black
holes. Indeed, the key to understanding the cosmic evo-
lution of quasars probably lies in their accretion history.
In this Letter, we propose to invert the problem and in-
fer the accretion rates of quasars directly from their ob-
served LF, while using a set of reasonable assumptions
for the other model ingredients. We show that the in-
ferred accretion rate of the quasar population generically
decreases as a function of time. Although we focus on
optical and X-ray data, the method to infer m described
here is applicable to any wavelength at which a LF and a
reliable emission model exist. In this Letter we adopt the
concordance cosmology of Ostriker & Steinhardt (1995),
i.e. a flat ACDM model with a slightly tilted power spec-
trum (Qo, Qa, s, b, 0gp-1,1n)=(0.35, 0.65, 0.04, 0.65, 0.87,
0.96). We have verified that our conclusions below regard-
ing the decline in the accretion rate do not change signifi-
cantly in other cosmologies.

2. THE FORMATION OF QUASAR BLACK HOLES

Although there is no a—priori theory for the cosmic black
hole formation rate, it is natural to expect that it is re-
lated to the formation of dark matter halos. The mass
function of halos dNps/dM at any redshift is described

lalso DARC-CNRS, Observatoire de Paris-Meudon, 92195 Meudon, Cédex, France.
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2 QUASAR ACCRETION RATES

by the Press—Schechter (1974) theory with an accuracy of
~ 50% when compared to numerical simulations at the
mass—scales relevant here (Somerville et al. 1998). Note
that the shape of the halo mass function has the desir-
able property of a steep decline with My, similar to
the quasar LF. Recently, measurements of the black hole
masses in 36 nearby galaxies provided evidence for a lin-
ear relation Mpn o< Mpuge between black hole and bulge
mass (Magorrian et al. 1998). Assuming Mpyige & Mhalo,
this result further implies Mp, o< Mpao. A simple sce-
nario in which the latter relation is satisfied in the local
universe is if the relation holds at every redshift, i.e. if the
BH masses grow synchronously with the host halo masses,
Mpn/Mypn = Mhalo/Mhnalo = Myn/Mhpalo = const. Note
that if mergers are important (i.e. if they occur on a time—
scale less than the Hubble time), then we must also sup-
pose that black holes merge together whenever their halos
do. In what follows, we assume that Mpp/Mpao = 10732,
consistent with the value My}, /Mpuige = 0.006 measured
by Magorrian et al. (1998).

3. THE OBSERVED QUASAR LUMINOSITY FUNCTIONS

The quasar LF between redshifts 0.1 < z < 4.5 has been
measured in the optical; we use the fitting functions for
the K—corrected rest—frame B-band (around v = 101%:83)
LF obtained by Pei (1995). More recently, the LF has
also been measured in X-ray; we use the parametric fits
constructed by Miyaji et al. (1998). Both the optical
and X-ray LFs have a steep slope, and the abundance
of quasars rises rapidly from z ~ 0.1 to zpx ~ 2.5. At
redshifts exceeding z,x, the abundance of optically bright
quasars turns over and slowly declines, while the recent X—
ray data have revealed a LF that stays flat up to z ~ 4.5.
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FIG. 1 — The relation between quasar luminosity (in the rest—
frame B-band at vg = 101483 Hz) and total halo mass, derived from
the optical LF (Pei 1995) and the Press—Schechter mass function for
4 different quasar lifetimes.

The observed LF, dNyps/dL can be compared directly

with the Press—Schechter halo mass function dNps/dM to
derive the luminosity L(z, M) of each halo of mass M that
satisfies

dN,pe dL _, dN,
gL B D)< ap = Fon gy

(2, M). (1)

Here f,, is the quasar “duty cycle”, i.e. the fraction of
BHs (assuming all halos contain BHs, cf. Magorrian et al.
1998) that are active at a given time around redshift z.
This fraction is determined by the details of quasar light—
curves and the distribution of formation times of BHs, and
could be a function of several parameters, such as redshift,
halo mass, etc. Here we simply assume that each quasar
shines for a constant time fsource, and we take the duty
cycle to be fon = tsource/tHub, Where tmyp, is the Hubble
time. Our assumption is justified if the light—curve typ-
ically drops sharply a time tsource after the BH turns on
(due to exhaustion of fuel, or shut—off due to a merger), or
if intermittent activity adds up to a total duration tsource
(e.g. if fueling is due to small but discrete clumps of gas).
Note that independently of the ratio Mph/Mhalo, fon must
be <« 1 to avoid unrealistically large masses of the quasar
host halos.

The B—band luminosity associated with each halo mass
obtained from equation (1) is shown for various redshifts
and duty cycles in Figure 1. For a reasonable range
of tsource, Observed quasars are associated with halos of
~ 10 — 10'*Mg. Note that this conclusion is based only
on equating the observed and predicted space densities;
the only assumption in Figure 1 (apart from adopting the
Press—Schechter theory and the cosmological parameters)
is the constancy of the duty cycle.

4. ACCRETION DISK MODELS

The optical/UV “Big Blue Bump” feature in the spectra
of quasars is usually interpreted as emission from a thin
accretion disk (e.g. Malkan 1983; Laor 1990). Here, we
assume that, at any redshift, (i) the quasar luminosity in
the B-band originates from a steady thin disk (Shakura &
Sunyaev 1973; Frank et al. 1992) around a non-rotating
BH, (ii) the disk is inclined at ¢ = 60° from the line of
sight and (iii) general relativistic effects, irradiation ef-
fects and possible complications due to radiation-pressure
dominated zones in the disk can be neglected. We do not
expect our main conclusions to depend crucially on these
assumptions.

Figure 2 shows the luminosities Lqjsk predicted by these
idealized disk models. The lines show Lgiqc for various
accretion rates (logrm = 0 to —3 with 0.5 intervals, in
units of MEdd) as a function of the central BH mass
Mpgu. Note that here and in the remainder of this Let-
ter, we use the Eddington accretion rate Mgqq = 1.4 %
10*®(Mpu/My) g s~ corresponding to a fiducial 10% ra-
diative efficiency.

The essential feature of the disk emission used in our
work is that there is a unique Lgjsx predicted in the B-—
band for a given Mpy and 7, as seen from Figure 2. The
reduction of Lgis, at high Mpp and low 1 in this fig-
ure appears because for this range of parameters the disk
emission peaks at wavelengths longer than the B—band.
We find that our conclusions do not depend crucially on
this effect.
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5. EVOLUTION OF THE QUASAR ACCRETION RATE

The accretion rate in quasars as a function of redshift
and BH mass can be found by equating the observed and
predicted luminosities, Lg(Mpyh, 2) = Laisk (Mpn, m). Here
Ly is the B band luminosity associated with a halo of
mass Mpaio (Fig. 1), which harbors a black hole of mass
My, = 10_3'2Mha10; Lgisk is the B—band luminosity of the
quasar as shown in Figure 2. As an example, according to
Figure 1 if the source lifetime is tsouree = 107 yr, at z = 2 a
halo of mass Mpajo = 1022 Mg, (with a black hole of mass
My, = 10° Mg) has a luminosity of 10*>® erg s~1. This
luminosity and black hole mass, according to Figure 2,
correspond to an accretion rate ri = 0.1 (third curve from

top).

50 L ) ) O B I B DO B B B
| Thin disk (i=60°) i
H log(v)=14.83 (B band) T
P
48 |- 7]
// /
— L - e -
0 ///// 7
7] L - -
7 R
o VA J—
o L Ry - i
»Jh 7 e «/'/ //
N 46 e /S _/'/ 7// —
?l) // s // /'/ —_-—
g t ST T
// / s /_/ // N
r 7 s/ ,/'/ e /// B
// //'/ _/'/ // ...........
r e /‘/’//./ e 1
.’ //'/ s //
44 // oS s —
S
s ey e
£ S0 ,
s /,/' /./ /
A A ey w7y
7 8 9 10 11 12

FIG. 2 — Predictions for the rest-frame B-band luminosity of an
accretion disk inclined at ¢ = 60° from the line of sight. The lines
show the luminosities predicted for various accretion rates (from top
to bottom, log m = 0 to —3 with 0.5 intervals) as a function of the
central black hole mass Myy,.

In Figure 3, we show the inferred accretion rate ri as
a function of z for three different duty cycles (tsource =
10578 yr). In each case, we show the accretion rates for
the halo mass range 10" < Myao/Me < 10*. Figure 3
reveals that in all cases, the accretion rate decreases with
decreasing redshift, and between 0 < z < 3 follows the
approximate relation logm ~ z — const. The inferred ac-
cretion rates are independent of halo mass for tsource = 107
yr, as reflected by the grouping of the solid lines in Fig-
ure 3. For a longer lifetime 7 increases with increasing
halo mass (long dashed curves); while for a shorter life-
time m decreases with increasing halo mass (short dashed
lines). Note that in the latter case tm > 1 is predicted,
meaning that the required luminosities can only be pro-
duced by BHs larger than we assumed. Although Figure 3
shows results only from the optical LF, we obtain quali-
tatively similar curves from the X-ray data, if we assume
an X-ray/optical flux ratio of ~ 20%. This value is based

on the mean spectrum of a sample of 48 quasars, selected
by Elvis et al. (1994) by the requirement that each quasar
has a good spectrum both in the optical (from IUFE) and
X-ray (from FEinstein). For tsource = 107 yr, the accretion
rate follows the simple relation logrm ~ 0.9(1+ z) — 3.7 in
the range 0 < 2z $ 3. This relation suggests that M x M
at any given time, a scaling that would hold, for example,
if each halo was undergoing isolated spherical self-similar
infall (Bertschinger 1985). The apparent turnover of m at
redshifts z 2 3 reflects the decline of the B-band LF at
these redshifts, and may be caused by dust obscuration.
This explanation is consistent with the recent X—ray data
(insensitive to the presence or absence of dust) showing
that the X-ray LF does not decline at z 2 3. Indeed, we
find that the relation logri ~ 0.9(1+ z) — 3.7 allows a rea-
sonable fit to the X—ray LF in the whole range 0 < 2z < 4
for tsource ~ 107 yr.
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FIG. 3 — Accretion rates inferred from the quasar B—band LF
and Press-Schechter theory, assuming a constant ratio Myn/Mpaio =
10732, The various lines correspond to halo masses in the range
10' < Mpa1/M@ < 10', and the results are shown for three dif-
ferent values of the quasar lifetime. The arrows indicate the direction
of increasing halo mass for the two cases tsource = 108 and 108 yr.

6. PREDICTIONS FOR THE ACCRETION RATE

Is a declining accretion rate in the population of quasars
indeed expected? A derivation of the accretion rate from
first principles must necessarily address several compli-
cated issues that are beyond the scope of this Letter, such
as the role of mergers (which can presumably either pro-
vide fuel or shut off the accretion, depending on the mass
ratio of the merging halos), angular momentum, and gas
cooling. Here we will only put forward two general argu-
ments for such a declining accretion rate.

First, assuming that each black hole grows as a central
point mass in an isolated collapsing spherical cloud, the
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self-similar infall solutions of Bertschinger (1985) imply?

that My o< t2/3 and My, /My, = 2/3t. Although isolated
spherical infall is likely to be a crude approximation at
best for the formation of quasar black holes, the primary
reason for the slow growth of the central mass is the cos-
mological expansion®. We therefore find it unlikely that
departure from spherical symmetry, or interactions with
other collapsing halos could considerably speed up the ac-
cretion relative to the power—law growth for an extended
period of time (corresponding to 0 < z < 4) in the entire
quasar population. In Figure 4 we show the accretion rate
as a function of redshift based on the Bertschinger (1985)
solutions.

A second argument can be drawn directly from the
Press—Schechter theory. Naively taking a time—derivative
of the mass—function dNps/dM results in a quantity that
is negative for small masses, and positive for large masses,
with the sign changing at a critical value M = M,. Sasaki
(1994) argued that this behavior reflects a decreasing con-
tribution of destructive mergers to the evolution of the
mass function for M > M,. In other words, the evolu-
tion of the mass function at large masses (the typical halo
mass Mpao of interest here) is governed mainly by accre-
tion, rather than mergers.
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FIG. 4 — Accretion rates predicted by Press—Schechter theory for
halos of various masses, assuming that the evolution of the PS mass
function is driven by accretion only. Also shown is the accretion rate
predicted by the self-similar collapse theory of Bertschinger (1985).
The accretion rates for the central BHs are identical to those of the
halos if the ratio My, /My, is constant.

In the limit that d? Nps/dM dt merely reflects the growth
in mass of each individual halo, the accretion rate of ha-
los can be obtained by requiring that the total number
density of halos does not change, d/dt{MdN/dM] = 0.
This yields . = —(1/M) x (d* N/dMdt) x [(dN/dM) /M +
d>N/dM?)~! for the halo mass accretion rate, which, by

our assumption of constant ratio Mpy/Mpalo, is identical
to the BH accretion rate. In Figure 4 we show the ac-
cretion rates in this limit as a function of redshift. The
accretion rates drop in all cases but unlike in the isolated
spherical self-similar infall case, m(z) depends on the halo
mass.

7. DISCUSSION AND CONCLUSIONS

In our picture, after their formation, the black holes
grow synchronously with their dark matter halos, main-
taining a constant Mpn/Mpalo. We did not address the
important question of consistency between the mass ac-
cretion rates inferred from the LFs and the individual
black hole masses acquired by the end of the quasar phase
(Mpn = [dtMy,). This would require following the ac-
cretion and the merger history of individual halos (Lacey
& Cole 1993; Kauffmann & White 1993) while our work
concentrated on the quasar population as a whole. Re-
lated to this question is the interpretation of the duty—
cycle, which could be caused either by short intermittent
activity phases or one single luminous phase. We assumed
that all halos have a central black hole, as suggested by
observations (Magorrian et al. 1998); however the duty
cycle could be partly interpreted as the fraction of halos
harboring quasars.

It is important to note that, independent of the ques-
tions of interpretation above, our fit to the LF with a
declining 7(2) is not unique. An alternative possibility
is if the ratio Mph/Mhaio decreases rapidly towards low
redshifts (Haehnelt, Natarajan & Rees 1998). In order
to reconcile the small black hole masses predicted in this
model with the Magorrian et al. (1998) data, the bulges
must comprise a small fraction ( < 1%) of the total bary-
onic mass in galaxy-size halos. A second alternative to
our scenario is a decrease of the duty—cycle with redshift.
However, Figure 3 shows that keeping the accretion rate
constant over the range 0 < z < 4 would require very short
lifetimes (tsource < 10 yr) near z ~ 0.

According to our results, the accretion rate of the pop-
ulation of quasar black holes decreases with time. A peak
in the accretion rate near z ~ 3.5 (Fig. 3) is inferred from
the optical LF. A derivation using X-ray data does not
show a similar turnover, suggesting that the peak inferred
from optical is caused by dust obscuration (Heisler & Os-
triker 1988). If quasars have a lifetime of ~ 107 yr and
a constant ratio Mpn/Mpao = 10732, we find that the
simple relation logm ~ 0.9(1 + z) — 3.7 provides a reason-
able fit to the evolution of the quasar LFs at 0 < z < 3.
Note that the overall normalization of the inferred accre-
tion rates depends on the 10% radiative efficiency assumed
for the thin disk, and that a scatter around this relation is
naturally expected for individual quasars. Our work sug-
gests, however, that near z = 0, m drops to substantially
sub-Eddington values (r < 1072), at which ADAFs exist
(Narayan et al. 1998). The combination of a decreasing
m(z) and a possible transition to low radiative efficiency
ADAFs near z ~ 0 could be the origin of the absence of
bright quasars in the local universe and the faintness of
accreting BHs at the centers of nearby galaxies.

2Although these relations are valid only for an Einstein—de Sitter universe, a similar behavior is expected in Q + A=1 models.

3For comparison, note that in a static medium the central mass would grow exponentially or faster, cf. Bondi (1952).
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